Background and Purpose-Repetitive transcranial magnetic stimulation of the primary motor cortex (M1) may improve outcomes after stroke. The aim of this study was to determine the effects of M1 theta burst stimulation (TBS) and standardized motor training on upper-limb function of patients with chronic stroke. Methods-Ten patients with chronic subcortical stroke and upper-limb impairment were recruited to this double-blind, crossover, sham-controlled study. Intermittent TBS of the ipsilesional M1, continuous TBS of the contralesional M1, and sham TBS were delivered in separate sessions in conjunction with standardized training of a precision grip task using the paretic upper limb. Results-Training after real TBS improved paretic-hand grip-lift kinetics, whereas training after sham TBS resulted in deterioration of grip-lift. Ipsilesional M1 excitability increased after intermittent TBS of the ipsilesional M1 but decreased after continuous TBS of the contralesional M1. Action Research Arm Test scores deteriorated when training followed continuous TBS of the contralesional M1, and this was correlated with reduced ipsilesional corticomotor excitability. Conclusions-Generally, TBS and training led to task-specific improvements in grip-lift. Specifically, continuous TBS of the contralesional M1 led to an overall decrement in upper-limb function, indicating that the contralesional hemisphere may play a pivotal role in recovery after stroke. (Stroke. 2010;41:1568-1572.)
A fter stroke, many patients are left with upper-limb impairment. Poor upper-limb recovery is associated with an imbalance in hemispheric activity, downregulated excitability in the ipsilesional primary motor cortex (M1), and upregulated excitability in the contralesional M1. 1 Experimental neuromodulation techniques that "rebalance" M1 excitability have led to improved upper-limb function and may be used to prime the brain before therapy. 2, 3 Theta burst stimulation (TBS) is a pattern of repetitive, transcranial magnetic stimulation that can facilitate M1 excitability when delivered intermittently or suppress M1 excitability when delivered continuously. 4 Intermittent TBS of the ipsilesional M1 (iTBS ipsiM1 ) and continuous TBS of the contralesional M1 (cTBS contraM1 ) may be used to "rebalance" M1 excitability and may have therapeutic benefit. 5, 6 However, engaging in voluntary activity can block or reverse the neurophysiologic aftereffects of cTBS. 7, 8 Furthermore, cTBS contraM1 may have deleterious effects on the paretic upper limb if the contralesional M1 contributes to its motor control. 9 In this study, iTBS ipsiM1 and cTBS contraM1 were each combined with standardized upper-limb training. We hy-pothesized that both TBS protocols would facilitate ipsilesional M1 excitability and improve measures of upperlimb performance.
Subjects and Methods
Ten adults with persistent upper-limb impairment at least 6 months after subcortical stroke participated (the Table) . Volunteers with contraindications to transcranial magnetic stimulation were excluded. Written consent was obtained, and the study was approved by the regional ethics committee.
Three experiments (iTBS ipsiM1 , cTBS contraM1 , and sham TBS) were performed in a randomized order and separated by 1 week (see Figure 1 for a flowchart of the experimental procedures). Upper-limb motor training consisted of 4 blocks of precision grip movements, each lasting 4 minutes, and carried out 15 minutes after TBS. Grip-lift kinetics, corticomotor excitability, and upper-limb function (Action Research Arm Test [ARAT] 10 ; maximum, 57) assessments were made before and after intervention.
TBS at 90% of the active motor threshold of the nonparetic first dorsal interosseous (FDI) was administered with a biphasic stimulator (MagStim, Dyfed, UK) by an investigator blinded to data collection and analysis. In each session, 600 stimuli were delivered, 4 with a reverse coil orientation used for cTBS contraM1 . 11 Sham TBS was delivered to either M1 with a sham coil.
Grip-lift kinetics were acquired with an instrumented manipulandum (MLP-100, Transducer Techniques, 265 g) held between the index finger and thumb, lifted to 10 cm, and held for 3 seconds. Ten lifts were made with each hand at each grip time point. Grip force perpendicular to the contact surface and load force parallel to vertical were recorded. Preload force (PF, in newtons) was determined as the maximal downward force on the manipulandum before liftoff. Preload duration (PD, in ms) was determined as the time between grip force onset and positive load force at liftoff. PF and PD are sensitive measures of manual dexterity impairment in stroke patients. 12 Corticomotor excitability was assessed with single-pulse transcranial magnetic stimulation of the M1 with a figure-of-eight coil connected to a MagStim 200 stimulator. Surface electromyography was recorded from both FDI muscles, amplified and filtered (30 to 1000 Hz), and sampled at 2 kHz for off-line analysis (LabView, National Instruments). Stimulation intensity was set to produce a motor evoked potential amplitude (MEP, in mV) that was 50% of the maximum MEP obtainable in the resting contralateral FDI. Twelve MEPs were recorded from each FDI at each MEP time point. When no MEP was elicited from the ipsilesional M1 (Ͻ0.05 mV), 100% stimulator intensity was applied at the mirror location of the contralesional M1. The computer software prevented data collection if the pretrigger electromyography levels were Ͼ10 V, ensuring that both muscles were at rest.
Repeated-measures ANOVA was used for grip-lift kinetics and MEP amplitudes. MEP amplitudes of the paretic FDI required logarithmic transformation to meet the assumptions of normality. Baseline data (pre I and pre II ) were pooled into a single measure (pre) because there were no main effects or interactions with time (all PϾ0.25). Post-TBS PF and PD were normalized to pre (%pre). A Wilcoxon signed-rank test was used for ARAT scores. Paired t tests and 1-sample t tests were used for post hoc analysis, with modified Bonferroni correction for multiple comparisons. 13 Significance level was 0.05.
Results
The protocols were well tolerated by all participants. Baseline data and stimulation intensities were stable across sessions (all PϾ0.1). There were differences between the paretic and nonparetic hands for all dependent variables (all PՅ0.03), as expected. The amount of training was equivalent across sessions (all PϾ0.3). There were no significant changes in any variable for the nonparetic hand (all PϾ0.1).
Grip-Lift Kinetics
Paretic-hand PF deteriorated when training followed sham TBS, but not real TBS. There was a protocolϫhandϫtime interaction (F 4,36 ϭ3.42, Pϭ0.018) and no main effects or other interactions (all PϾ0.1). The interaction was explored for each protocol separately with no main effects or interactions for cTBS contraM1 (all PϾ0.085) or iTBS ipsiM1 (all PϾ0.54). A handϫtime interaction occurred with training after sham TBS (F 2,18 ϭ4.16, Pϭ0.033) because PF deteriorated (was excessive) in the paretic hand, but not the nonparetic hand (Figure 2A ). Paretic-hand PF deteriorated at post 26 (during training) compared with baseline and post 9 (before training; both PՅ0.05) and remained excessive (post 26 vs post 41 Pϭ0.898).
Paretic-hand PD improved when training followed real TBS compared with sham TBS. A main effect of time indicated that PD improved (shortened) during the experiment (F 2,18 ϭ5.10, Pϭ0.034). A protocolϫhand interaction (F 2,18 ϭ4.15, Pϭ0.033) indicated that paretic-hand PD improved when training followed cTBS contraM1 (Pϭ0.026) and iTBS ipsiM1 (Pϭ0.046, not significant when corrected) compared with sham TBS. Paretic-hand PD improved from baseline after cTBS contraM1 (Pϭ0.028), with a similar trend after iTBS ipsiM1 (Pϭ0.057; Figure 2B ).
MEP Amplitude
MEP amplitude was modulated by real TBS. For the paretic FDI, there was a protocolϫtime (pre, post 7 ) interaction (F 2,18 ϭ4.13, Pϭ0.033) because MEP amplitude increased after iTBS ipsiM1 (Pϭ0.029) but tended to decrease after cTBS contraM1 (Pϭ0.049, not significant corrected) ( Figure  2C ). Sham TBS did not change paretic FDI MEP amplitude (Pϭ0.208).
The modulation of real TBS on paretic FDI MEP amplitude did not persist. For the paretic FDI, there was a protocolϫ time (post 7, post 13 , post 24, post 39 ) interaction (F 6,54 ϭ2.30, Pϭ0.048). After iTBS ipsiM1 , there was an effect of time (F 3,27 ϭ3.62, Pϭ0.026). Although MEP amplitude was facilitated at post 7 (before training), it did not differ from baseline at any of the other time points (during training, all PϾ0.1). After cTBS contraM1 and sham TBS, there was no effect of time on MEP amplitude during training (both PϾ0.1).
Upper-Limb Function
Paretic upper-limb function deteriorated when training followed cTBS contraM1 , and this was correlated with the initial reduction in paretic FDI MEP amplitude. ARAT score (median pre vs post) deteriorated after the cTBS contraM1 session (46 vs 41, Pϭ0.024) but was unchanged after the iTBS ipsiM1 (44 vs 44, Pϭ0.339) and sham TBS (43 vs 42, Pϭ0.778) sessions.
Correlations were explored between ⌬ARAT (postϪpre), ⌬grip-lift kinetics, and ⌬paretic FDI MEP amplitude (both % change from pre) after each TBS protocol. A moderate, positive correlation was found between ⌬ARAT and ⌬paretic FDI MEP amplitude after cTBS contraM1 (R 2 ϭ0.47, Pϭ0.028; Figure 1 . Flowchart of the experimental procedures. In the experiment, blank rows indicate when patients are at rest, and gray shading indicates voluntary activity with each hand in a randomized order. Figure 2D ), indicating that a reduction in ARAT score was related to paretic FDI MEP suppression. There were no other correlations (all PϾ0.2).
Discussion
This study is the first to use M1 TBS before upper-limb motor training in stroke patients, akin to its potential use in rehabilitation. Priming training with iTBS ipsiM1 or cTBS contraM1 improved performance of the paretic hand, but cTBS contraM1 was associated with reduced upper-limb function.
After sham TBS, paretic-hand PF deteriorated and PD did not improve, indicating fatigue. In contrast, PF remained stable and PD improved with training after cTBS contraM1 and tended to improve after iTBS ipsiM1 . These improvements may have resulted from facilitated integration within the primary sensory and/or motor cortex, enabling more efficient processing of afferent feedback and shortening the preload period. 14 Upper-limb function deteriorated after cTBS contraM1 . Paretic upper-limb function transiently decreased after training combined with cTBS contraM1 but not with TBS ipsiM1 or sham TBS. Unlike an earlier study examining stroke patients at rest, 5 cTBS contraM1 suppressed ipsilesional M1 excitability. This may have occurred because the effects of cTBS are vulnerable to motor activity or because of the reverse coil orientation. 7, 15 The effect of cTBS contraM1 on ipsilesional M1 is most likely mediated by transcallosal projections from the contralesional M1, but further investigation is required to elucidate specific mechanisms. Interestingly, participants in whom cTBS contraM1 had the most suppressive effect on ipsilesional corticomotor excitability had the greatest decrement in ARAT score. However, grip-lift performance was not adversely affected. Although task-specific effects of upperlimb training may be better maintained in cortical networks after real TBS, decrements in other tasks may be due to suppressive effects of cTBS contraM1 . Conversely, iTBS ipsiM1 produced immediate, but not persistent, facilitation of ipsilesional corticomotor excitability, consistent with previous research. 5, 8 These findings indicate task-specific benefits with primed training after subcortical stroke. The contralesional hemisphere may play a pivotal role in recovery after stroke, as indicated by the deterioration of functional performance after cTBS contraM1 . Further research is required to ascertain the contribution of the contralesional hemisphere to stroke recovery. 
